Introduction {#S0001}
============

Major depressive disorder (MDD) is a ubiquitous and complex psychiatric condition, with a lifetime prevalence of 16.2%.[@CIT0001] So far, numerous researches have investigated the pathogenesis of MDD,[@CIT0002]--[@CIT0006] but the precise pathogenic mechanisms remain unclear. Increasing evidence indicates that the striatum plays a critical role in neuropsychiatric disorders.[@CIT0007],[@CIT0008]

The striatum is the largest component of the basal ganglia, and mainly receives various excitatory inputs from the cortex, hippocampus, and cerebellum. Positron emission tomography (PET) imaging of the striatum in MDD patients indicated alterations in transporters and receptors of dopamine and serotonin signaling.[@CIT0009],[@CIT0010] A transcriptome study of the striatum suggested that dysfunction of dopaminergic synapses, GABAergic synapses, and neurotransmitter synthesis is involved in the pathogenesis of chronic unpredictable mild stress (CUMS)-induced depression.[@CIT0011] It has also been reported that the use of deep brain stimulation in the striatum could reduce 50% of depression symptoms in patients with refractory depression.[@CIT0012] In addition, depression severity and the antidepressant effects of ketamine have been shown to depend on the structure and function of the striatum.[@CIT0010],[@CIT0013] Anhedonia is a core symptom of depression, and anhedonia severity was associated with volume reduction in the striatum,[@CIT0014] further highlighting the importance of this brain region. These preliminary findings suggest that the striatum plays a critical role in the pathogenesis of depression; however, the mechanism remains unclear.

Depression is a complex brain disease involving multiple brain regions. The cerebellum of depressed individuals shows obvious atrophy and volume reduction, and that stimulation targeting the cerebellum could reduce stress-induced depression-like behaviors.[@CIT0015] Chronic stress could reduce hippocampal synaptogenesis and increase hippocampal neuronal and glial atrophy in depressed patients and in animal models of depression.[@CIT0016] Moreover, the cerebellum and hippocampus also have strong interactions with the HPA axis, which makes them more vulnerable to stress and depression.[@CIT0017],[@CIT0018]

Currently, studies have shown that metabolic changes are strongly associated with psychological and behavioral changes in depressed patients.[@CIT0019],[@CIT0020] Metabolomics, a powerful systematic biological analysis method, is widely used to capture the altered metabolites in various diseases and elucidate disease-specific biological regulatory mechanisms.[@CIT0021],[@CIT0022] Based on metabolomics technology, our previous studies found both a disturbance in energy metabolism in the cerebellum and a dysfunction of amino acid and lipid metabolism in the hippocampus of CUMS model rats.[@CIT0023],[@CIT0024] These preliminary findings suggest that depression involves metabolic alterations in multiple brain regions. However, previous studies have mostly focused on a single brain region, thus ignoring the systemic metabolic alterations that occur in multiple brain regions during the pathology of depression. It is therefore necessary to investigate the systemic alterations of metabolites and metabolic pathways in different brain regions.

In this study, a non-targeted GC/MS approach was performed on the striatum of depression-like rats induced by CUMS to reveal metabolic alterations and potential regulatory mechanisms. We also compared the striatal data with our previous data from the hippocampus[@CIT0024] and cerebellum[@CIT0025] of a CUMS model. We then focused specifically on the shared metabolites and metabolic pathways, and validated the relevant transporters/enzymes using real-time quantitative polymerase chain reaction (RT-qPCR). Our study will provide a new perspective for further understanding of the pathogenesis of depression.

Materials and Methods {#S0002}
=====================

Animals {#S0002-S2001}
-------

Adult male Sprague--Dawley (SD) rats aged 6--7 weeks and weighing 210--230 g were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All rats were allowed to acclimatize to the environment for 5 weeks and were housed individually in the animal facility under ambient temperature (23 ± 1°C) and humidity (50% ± 5%), and under a 12 hrs light/dark cycle (lights on at 8:00, lights off at 20:00). All experimental procedures were approved by the Ethics Committee of Chongqing Medical University (approval number: 2017013) and adhered to both institutional guidelines and international policies (the National Institutes of Health Guidelines for Animal Research).

Chronic Mild Unpredictable Stress (CUMS) Procedure {#S0002-S2002}
--------------------------------------------------

The CUMS procedure was as described in our previous studies,[@CIT0024] with minor modifications. In brief, during the 5 weeks of acclimatization, all rats were trained to consume 1% sucrose solution until the sucrose preference (SP) of all rats was stable. All the experimental rats were then randomly divided into the non-stress control group (CON, *n* = 8) and CUMS group (CUMS, *n* = 8). Food and water were available *ad libitum* except during a 24 hrs food and water deprivation procedure. The CUMS procedure consisted of daytime darkness (3 hrs), damp sawdust (12 hrs), overnight illumination (12 hrs), 45° tilted cage (24 hrs), foot shock (1 mA, 110 v, 10 s), cold exposure (5 mins), restraint (3 hrs), food and water deprivation (24 hrs), tail clamp (1 mins), and paired housing (24 hrs). Rats in the CUMS group received two stressors at random per day for 4 weeks. The experimental schedule is shown in [Figure 1A](#F0001){ref-type="fig"}.Figure 1Behavioral and body weight results. (**A**) A simplified time schedule for the chronic unpredictable mild stress (CUMS) protocol. SPT, sucrose preference test. BW, body weight. OFT, open field test. FST, forced swimming test. (**B**) Bodyweight changes during CUMS stress. (**C**) Sucrose preference at baseline (day 0) and at week 4. (**D**) Immobility time in the FST at week 4. (**E**) Total distance travelled in the OFT at week 4. (**F**) Time spent in the center area at week 4. Data displayed as means ± standard error of the mean (SEM) (CUMS, *n* = 8; CON, *n* = 8), \**P* \< 0.05, \*\**P* \< 0.01.

Behavioral Tests {#S0002-S2003}
----------------

The behavioral tests were the same as in our previous study.[@CIT0024] To minimize interference, the testing facility was cleaned after each test. Behavioral videos were analyzed using Ethovision 3.0 software (Noldus, Netherlands). The sucrose preference test (SPT) is most commonly used to evaluate anhedonia in animal models of depression. After 24 hrs water and food deprivation, rats received 1% sucrose solution and tap water for 1 hr. SPT results were estimated as sucrose consumption/(sucrose consumption + water consumption) × 100%. The open field test (OFT) was used to evaluate spatial exploration ability in depression animal model, and mimic the states of anxiety in depressed patients. In this test, rats were allowed to explore freely for 5 mins in an open field (100 cm × 100 cm × 40 cm). OFT results were evaluated as the total distance traveled and the time spent in a predefined center zone. The forced swimming test (FST) was used to evaluate behavioral despair or depression-like states in animals undergoing various stressors. All rats first underwent swim training for 15 mins. After 24 hrs, they were placed individually in a transparent Plexiglas cylinder (20 cm diameter, 50 cm high) filled with tap water (25 ± 2°C, 40 cm depth) and monitored for 5 mins. FST results were assessed as the immobility time, defined as the time spent floating on the surface of the water.

Sample Preparation {#S0002-S2004}
------------------

The procedures for sample pretreatment referred to previous studies.[@CIT0026],[@CIT0027] After behavioral tests, rats were sacrificed by decapitation. The whole bilateral striatum, hippocampus, and cerebellum tissues were rapidly dissected from the brain and randomly divided into two equal parts, which were then stored at --80°C until later analysis. Each rat's brain tissue was analyzed separately in subsequent experiments. For GC/MS analysis of the striatum tissues (CUMS, *n* = 8; CON, *n* = 8), 30-mg striatum tissues were homogenized after adding 20 μl internal standard (L-3,4-Dichlorophenylalanine in methanol; 0.3 mg/mL) and 500 μl methanol-water-chloroform (chromatographic grade; 5:2:2, v/v/v). The mixture was extracted by ultrasonication (10 mins; ice bath), incubated for 30 mins at 4°C, and centrifuged (14,000 × *g* for 10 mins at 4°C). Subsequently, 300 μl of supernatant was transferred into derivative vials and evaporated to dryness in a speed-vacuum (Concentrator plus, Eppendorf, Hamburg, Germany), then resuspended with 80 μl methoxamine hydrochloride (15 mg/mL pyridine) and derivatized (90 mins; 37°C) with continuous shaking. After adding BSTFA with 1% TMCS and hexane, the mixture was left to react for 60 min at 70°C to form derivatives. After cooling to room temperature for 30 mins, the samples were used for GC/MS analysis.

GC/MS Analysis of Striatum Samples {#S0002-S2005}
----------------------------------

The procedures essentially referred to previous studies.[@CIT0026],[@CIT0027] Briefly, each 1 μl of derivative sample was injected into an Agilent 7890A/5975C GC/MSD system (Agilent Technologies Inc., USA) with an injector temperature of 280°C. A HP-5MS capillary column (30 m × 0.25 mm × 0.25 m; Agilent) was utilized to separate the derivatives. The flow rate of helium carrier gas was set to 6.0 mL/min. The column temperature was initially maintained at 60°C for 2 mins, and then increased from 60°C to 310°C through four heating gradients (60°C to 125°C at 8°C/min; 125°C to 190°C at 10°C/min; 190 to 210°C at 4°C/min; 210°C to 310°C at 20°C/min, respectively), and finally maintained for 8.5 mins. The MS quadrupole temperature and the ion source temperature were set to 150°C and 230°C, respectively. The collision energy was 70 eV. Mass data were acquired in the full scan model from 50 to 600 m/z. Moreover, quality control (QC) samples were prepared by mixing aliquots of the all samples to be a pooled sample, and then analyzed using the same method with the analytic samples. The QCs were injected at regular intervals (every 8 samples) throughout the analytical run to provide a set of data from which repeatability can be assessed. A random order of continuous sample analysis was used to avoid the error resulting from instrument signal fluctuations.

GC/MS Data Analysis {#S0002-S2006}
-------------------

The acquired raw MS files were analyzed by ChromaTOF software (v 4.34, LECO, St Joseph, MI). First, the raw MS data were simply screened by retention time and mass to charge ratio, and peak alignment is carried out. Then, the precise molecular weight of the compound is determined by the mass to charge ratio in the XIC plot, and the molecular formula is predicted according to the deviation of mass number and the information of adduct ions. The metabolites in the biological system were identified by matching with the fragment ions, collision energy, and other information of each compound in the Fiehn database. The raw chromatogram of QC sample is used to check whether there is any deviation in peak strength and retention time. The response intensity of sample mass peaks was firstly normalized by internal standard substance (L-3,4-Dichlorophenylalanine), and the expression values of each sample were once again normalized by sum of 10,000. Besides, the data quality and the detection stability were evaluated by Pearson correlation coefficient between QC samples, which was calculated based on the peak area value.

Principal component analysis (PCA) was used to observe the distributions of all samples and obtain a general overview of metabolic pattern changes. Partial least squares discriminant analysis (PLS-DA) was carried out to predict and separate the detected sample categories. The quality of the models is described by the *R^2^X* or *R^2^Y* and *Q^2^Y* values. *R^2^X* and *R^2^Y* (goodness of fit: percentage of variance explained by the model) and *Q^2^Y* (goodness of prediction: percentage of variance predicted after 7-fold cross validation) were considered to evaluate the validity of PLS-DA model. A 199-iteration permutation test and a typical 7-fold cross-validation were performed to determine the optimal number of principal components and to avoid model overfitting. A threshold of variable influence on projection (VIP), which describes the overall contribution of each variable to the model, was obtained from PLS-DA model. Next, the metabolites with VIP \> 1 and *P*-values \< 0.05 (Mann--Whitney *U*-tests) were defined as the significantly differential metabolites.

Biological Function Analysis of Differential Metabolites {#S0002-S2007}
--------------------------------------------------------

The biological function of differential metabolites was further analyzed using Ingenuity Pathway Analysis (IPA; [<http://www.ingenuity.com>]{.ul}) and MetaboAnalyst4.0.[@CIT0028] The altered canonical pathways and molecular networks were analyzed using IPA software. The molecular network score was based on a hypergeometric distribution and calculated using the Fisher exact test. The higher the score, the more molecules from experimental data set appear in the network. Enrichment analysis module and pathway analysis module in MetaboAnalyst4.0 were used to identify the significantly disturbed metabolite sets and metabolic pathways, respectively. "Hypergeometric tests" and "relative-betweenness centrality" were used for the overrepresentation analysis and the pathway topology analysis, respectively.

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) {#S0002-S2008}
----------------------------------------------------------

Total mRNA was extracted from the striatum, hippocampus, cerebellum of rats (CUMS, *n* = 5; CON, *n* = 5) using Trizol reagent (Invitrogen, CA, USA), respectively. The cDNA was synthesized from total RNA using a PrimeScript^®^ RT Reagent Kit (Takara, RR047A, Japan). SYBR^®^ Premix Ex Taq™ II (Takara, RR820A, Japan) was used for RT-qPCR reaction on a Light Cycler 96 System (Roche, Germany). RT-qPCR data were analyzed using the comparative CT method (2^−ΔΔCT^). The primers were designed using BLAST ([<https://blast.ncbi.nlm.nih.gov/Blast.cgi>]{.ul}) and synthesized by Sangon Biotech (Shanghai) Co., Ltd.

Statistical Analysis {#S0002-S2009}
--------------------

All statistical analyses were performed using SPSS 21.0 (IBM, New York, USA) or R software (version 3.5.1, R project). The normality of data was evaluated using the Kolmogorov--Smirnov test. The Student's *t*-test or Mann--Whitney *U*-tests were used to analyze behavioral tests and gene expression between the two groups. The differences in metabolites between the two groups were preliminarily assessed using non-parametric Mann--Whitney *U*-tests. Bodyweight data were analyzed using a repeated measure analysis of variance (stress × time). Spearman's rank correlation analysis was conducted among genes, metabolites, and depression-like behaviors. The results of behavioral tests and gene expression levels were expressed as the mean ± SEM. The significance level was set at *P* \< 0.05 (two-tail).

Results {#S0003}
=======

CUMS-Induced Depression-Like Behaviors {#S0003-S2001}
--------------------------------------

At baseline, there were no significant differences in body weight ([Figure 1B](#F0001){ref-type="fig"}) or sucrose preference ([Figure 1C](#F0001){ref-type="fig"}) between the two groups. During the consecutive 4 weeks of CUMS procedures, body weight was significantly lower in CUMS rats than in CON rats (*F* = 200.775, *P* \< 0.001; [Figure 1B](#F0001){ref-type="fig"}). In the SPT, sucrose consumption in CUMS rats was significantly reduced compared with CON rats (*t* = 2.512, *P* = 0.025; [Figure 1C](#F0001){ref-type="fig"}), indicating anhedonia and depression-like behaviors in this model. In the FST, the immobility time of CUMS rats was longer than that of CON rats (*t* = −2.478, *P* = 0.027; [Figure 1D](#F0001){ref-type="fig"}), indicating despair and depression-like behaviors in this model. In contrast, in the OFT, the total distance traveled (*t* = 1.403, *P* = 0.182; [Figure 1E](#F0001){ref-type="fig"}) and the time spent in the center zone (*t* = 0.213, *P* = 0.834; [Figure 1F](#F0001){ref-type="fig"}) did not show a clear difference between the two groups, indicating no anxiety-related exploratory behaviors in this model. However, the bodyweight of CUMS rats was significantly lower than that of CON rats at the first week (*t* = −2.479, *P* = 0.027; [Figure 1B](#F0001){ref-type="fig"}), and this difference in weight widened as the experiment progressed. These data show that the CUMS procedure successfully induced depression-like behaviors, but no anxiety-related exploratory behaviors, in this study.

Identification of Differential Metabolites in the Striatum {#S0003-S2002}
----------------------------------------------------------

A GC/MS-based metabolomic analysis was conducted using striatal tissue from 16 rats (*n* = 8 per group). A volcano plot of all detected metabolites is displayed in [Figure 2A](#F0002){ref-type="fig"}, with the red dots representing metabolites with *P* \< 0.05. The PCA score plots showed obvious discrimination between the two groups (*R^2^X* = 0.664, *Q^2^*= 0.340; [Figure 2B](#F0002){ref-type="fig"}), representing the strong explanatory power of the data. The PLS-DA score plots revealed a clear separation in metabolic profiles between two groups (*R^2^X* = 0.481, *R^2^Y* = 0.957, *Q^2^* = 0.875; [Figure 2C](#F0002){ref-type="fig"}), indicating good predictive ability of the model. The 200-iteration permutation tests showed that the PLS-DA model was valid and stable (*R^2^* = (0; 0.596), *Q^2^* = (0; −0.066); [Figure 2D](#F0002){ref-type="fig"}). A total of 22 differential metabolites (VIP \> 1 and *P* \< 0.05) were identified in the striatum between CUMS and CON group, and these differential metabolites were mainly involved in amino acid, carbohydrate, and nucleotide metabolism ([Table 1](#T0001){ref-type="table"}). Compared with CON rats, 13 differential metabolites were significantly upregulated and 9 differential metabolites were downregulated in CUMS rats ([Figure 2E](#F0002){ref-type="fig"}).Table 1Differential Metabolites in the Striatum Between the Chronic Unpredictable Mild Stress (CUMS) and Control (CON) GroupsMetaboliteHMDBRt (Min)VIP^a^P-value^a^FC^b^Pathwaybeta-AlanineHMDB000005617.451.110.04991.58Amino acid metabolismCystathionineHMDB000009929.961.500.00010.10Amino acid metabolismGlycineHMDB000012315.491.200.01481.62Amino acid metabolismLeucineHMDB000068718.111.160.03791.39Amino acid metabolismGlutamyl-ValineHMDB002883220.241.030.04991.33Amino acid metabolismO-Succinyl-L-homoserineC0111815.331.070.03791.32Amino acid metabolism2-PyrrolidinoneHMDB000203928.851.210.01481.40Amino acid metabolismL-GlutamineHMDB000064122.551.060.04990.63Amino acid metabolismCarbamic acidHMDB000355126.781.040.02070.48Amino acid metabolismMannose 6-phosphateHMDB000107828.751.120.02071.49Carbohydrate metabolismDihydroxyacetone phosphateHMDB000147322.21.960.00470.72Carbohydrate metabolismBeta-D-Fructose 6-phosphateHMDB000397128.571.180.03791.46Carbohydrate metabolismFructose-6-PhosphateHMDB000012424.151.460.02070.72Carbohydrate metabolismThymineHMDB000026217.051.150.04990.79Nucleotide metabolismRibose-5-PhosphateHMDB000154817.731.510.01040.70Nucleotide metabolismGuanineHMDB000013229.091.840.00030.56Nucleotide metabolismStearic acidHMDB000082728.021.300.01041.31Lipid metabolismGlycerol-3-PhosphateHMDB000012622.441.560.01040.69Lipid metabolismEthanolamineHMDB000014914.761.230.01481.45Lipid metabolismEpsilon-CaprolactamC0659313.821.160.04991.42OtherN-AcetylgalactosamineHMDB000021225.051.120.02071.41OtherPyrophosphateHMDB000025018.161.270.01481.39Other[^2][^3] Figure 2Identification of differential metabolites in the striatum. (**A**) Volcano plots of all detected metabolites. Red represents metabolites with *P* \< 0.05. (**B**) The principal component analysis (PCA) score plot of all detected metabolites. (**C**) Partial least squares discriminant analysis (PLS-DA) score plots of all detected metabolites. (**D**) 199-iteration permutation plot for the PLS-DA model. The values of *R^2^* and *Q^2^* (bottom left) were lower than the corresponding original *R^2^* and *Q^2^* values (top right), suggesting that PLS-DA model was valid. (**E**) The heatmap visualization was constructed based on the differential metabolites in the striatum (*P* \< 0.05 and VIP \> 1). Red indicates upregulation and blue indicates downregulation. Rows represent metabolites and columns represent samples.

Comparative Analysis of the Differential Metabolites in the Striatum, Hippocampus, and Cerebellum {#S0003-S2003}
-------------------------------------------------------------------------------------------------

To further understand the commonalities and differences of metabolite disturbances in different brain regions of the CUMS model, we compared the current data from the striatum with our previous metabolomic data from the hippocampus[@CIT0024] and cerebellum[@CIT0025] of CUMS model rats. The overview of differential metabolites from the three brain regions is shown in [Figure 3A](#F0003){ref-type="fig"}. L-glutamine was the only overlapping differential metabolite in the striatum, hippocampus, and cerebellum ([Figure 3B](#F0003){ref-type="fig"}), and was significantly down-regulated.Figure 3Comparative analysis of the differential metabolites in different brain regions. (**A**) The number of differential metabolites in three tissue types in chronic unpredictable mild stress (CUMS) rats compared with controls. (**B**) Venn diagram of the differential metabolites in the three tissues. (**C**) Venn diagram of the differential canonical pathways of the three tissues. The canonical pathways (*P* \< 0.05) of each tissue from IPA were used. The dotted box represents the pathways that we were interested in. (**D**) The results of metabolite set enrichment analyses of the three tissues using MetaboAnalyst 4.0 (*P* \< 0.05). The dotted box represents the enrichment of glutamate metabolite sets, further supporting IPA results. (**E**) The results of metabolic pathway analyses of the three tissues using MetaboAnalyst 4.0 (*P* \< 0.05). The dotted box represents glutamine metabolic pathways, further supporting IPA results.

Next, we performed pathway and molecular network analyses using IPA, and the results showed that eight shared pathways were significantly disturbed in the striatum, hippocampus, and cerebellum ([Figure 3C](#F0003){ref-type="fig"}). These eight shared pathways were all associated with L-glutamine; for example, glutamate receptor signaling, glutamine degradation I, and glutamine biosynthesis I. "Developmental Disorder, Hereditary Disorder, Metabolic Disease" was the significantly disturbed molecular network in the striatum and cerebellum, with a score of 38 and 29, respectively. "Hereditary Disorder, Neurological Disease, Organismal Injury and Abnormalities" was the disturbed molecular network in the hippocampus, with a score of 38. These significantly disrupted molecular networks all involved L-glutamine.

We also conducted enrichment metabolite sets and pathway analyses using MetaboAnalyst4.0. Enriched metabolite sets ([Figure 3D](#F0003){ref-type="fig"}) and metabolic pathways ([Figure 3E](#F0003){ref-type="fig"}) also showed that glutamate and glutamine metabolism was significantly altered in these three brain regions. These findings showed an important role of the glutamate system in CUMS-induced depression-like behaviors, which further supports previous researches that glutamate receptors are potential therapeutic targets for depression.[@CIT0029],[@CIT0030] Therefore, we speculated that the combined effects of dysregulation of the glutamate system in multiple brain regions might be the key to the pathogenesis of depression. Besides, to better understand the interactive relationships between the differential metabolites of the three studied brain regions, we constructed a simplified pathway diagram ([Figure 4](#F0004){ref-type="fig"}).Figure 4A simplified interaction diagram of the differential metabolites in the striatum, hippocampus, and cerebellum. Dotted frames represent the significantly altered Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The small colored squares represent the striatum, hippocampus, and cerebellum, respectively, from top to bottom. Red indicates a significant upregulation, yellow indicates no change, and green indicates a significant downregulation.

RT-qPCR for Glutamate Metabolic System Related Gene Changes in the Striatum, Hippocampus, and Cerebellum {#S0003-S2004}
--------------------------------------------------------------------------------------------------------

As mentioned above, the significant disruption of glutamate metabolic system might play an important role in CUMS-induced depression-like behaviors, and thus, we evaluated the effects of chronic stress on the key enzymes or transporters involved in the glutamine--glutamate--GABA (Gln--Glu--GABA) cycle using RT-qPCR. Based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway, a simplified diagram of the Gln--Glu--GABA cycle in the brain was constructed ([Figure 5A](#F0005){ref-type="fig"}). The relative expression levels of *GS* (*P* = 0.002, [Figure 5B](#F0005){ref-type="fig"}),*SSADH* (*P* = 0.030, [Figure 5C](#F0005){ref-type="fig"}),*GLS2* (*P* = 0.002, [Figure 5E](#F0005){ref-type="fig"}), and *GLT1* (for *SLC1a2*) (*P* = 0.022, [Figure 5I](#F0005){ref-type="fig"}) were significantly decreased in the striatum of CUMS rats compared with CON rats. The relative expression levels of *GS* (*P* = 0.010, [Figure 5B](#F0005){ref-type="fig"}),*SSADH* (*P* = 0.011, [Figure 5C](#F0005){ref-type="fig"}), [*4*](#F0004){ref-type="fig"}*-ABAT* (*P* = 0.008, [Figure 5D](#F0005){ref-type="fig"}),*SNAT1* (for *SLC38a1*) (*P* = 0.044, [Figure 5F](#F0005){ref-type="fig"}),*VGAT* (for *SLC32a1*) (*P* = 0.014, [Figure 5G](#F0005){ref-type="fig"}), and *GAD1* (*P* = 0.033, [Figure 5H](#F0005){ref-type="fig"}) in the hippocampus of CUMS rats were also significantly lower than those of CON rats. Furthermore, the relative expression levels of *GS* (*P* = 0.022, [Figure 5B](#F0005){ref-type="fig"}), [*4*](#F0004){ref-type="fig"}*-ABAT* (*P* = 0.024, [Figure 5D](#F0005){ref-type="fig"}), *SNAT1* (*P* = 0.034, [Figure 5F](#F0005){ref-type="fig"}), *VGAT* (*P* = 0.016, [Figure 5G](#F0005){ref-type="fig"}), and *GDH* (*P* = 0.020, [Figure 5J](#F0005){ref-type="fig"}) were significantly altered in the cerebellum of CUMS rats. Other crucial transporters or enzymes (*SNAT2, SNAT3, SNAT5, GAD2, GAT2, GAT3*) involved in Gln--Glu--GABA cycle were found no significant difference. These data further supported the results of metabolomics analysis that CUMS induced the dysregulation of the Gln--Glu--GABA cycle in the striatum, hippocampus, and cerebellum. The sequences of all primers used are listed in [Table 2](#T0002){ref-type="table"}Table 2Primer Sequences Used for Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)GenesForward Primer (From 5ʹ to 3ʹ)Reverse Primer (From 5ʹ to 3ʹ)*GS*TCCAGATAGGACCCTGCGAAGCTAAAGTTGGTGTGGCAGC*GLS2*GGGGTGTCCGGTACTACTTCGGCCGTGGTGAACTTATGGA*GLT1*CCATTGACTCCCAACACCGACGATATCCAGGAATGGGAAAGGT*SNAT1*TGTCCTGCCAATCTACAGCGGCCTGTGCTCTGGTACTTGT*SNAT2*GTGGTATCTGAACGGCGACTCTTGCAAATCACCACAATCAGAA*SNAT3*CCAAAATCCTGGCCCTTTGCTTCCTCCATGTTGGCTGGTC*SNAT5*GCCCTGATTCTGCTTAATTTGGTAGATGAGGCTAGGGGCTGAA*GAD1*CGCAGGCACGACTGTTTATGGTGAGGGTTCCAGGTGACTG*GAD2*GTGTTCGATGGGAAGCCTCATAATCACTGGCGCCACCTTT*GAT2*TCTCCTGGGACTAGACAGCCTGTGAGCATAATGAGCCCGA*GAT3*TGAAGGCATCGGCTATGCAATCTGTGTTCCACTCATGCCC*VGAT*CGTGAGGGACTCGTATGTGGTTGTACATGAGGTTGCCGCT*4-ABAT*GAGGCCGTGCACTTTTTCTGCGCGTTTTGAGGCTGTTGAA*SSADH*AGGGACATGCTCTGCATCACATCAGTCCTTCGTTCACGCC*GDH*TGGATCAATTCTGGGCTTCCCTGGTCAACTGCTTCTCGCTG*β-actin*TAAGGCCAACCGTGAAAAGATGAGTGGTACGACCAGAGGCATA Figure 5The expression levels of Gln--Glu--GABA cycle-related key transporters or enzymes in the striatum, hippocampus, and cerebellum. (**A**) A simplified schematic of the Gln--Glu--GABA cycle in the brain. (**B**--**J**) The expression levels of Gln--Glu--GABA cycle-related key transporters or enzymes. Data are displayed as mean ± standard error of the mean (SEM) (*n* = 5 per group), \**P* \< 0.05, \*\**P* \< 0.01.**Abbreviations:** GLT1 (for *SLC1a2*), glutamate transporter 1; Glu, glutamate; Gln, glutamine; GS, glutamine synthetase; GLS, glutaminase; SNAT (for *SLC38a*), sodium-coupled neutral amino acid transporter; mGLUR, metabotropic glutamate receptors; vGLUT1 (for *SLC17a7*), vesicular glutamate transporter-1; GAD, glutamic acid decarboxylases; GABA, γ-aminobutyric acid; GABRA, γ-aminobutyric acid A receptor; NMDA, N-methyl-D-aspartic acid receptor; α-KG, alpha-ketoglutaric acid; TCA, the tricarboxylic acid cycle; GDH, glutamate dehydrogenase; OAA, oxaloacetic acid; GAT, GABA transporter; 4-ABAT, 4-aminobutyric acid transaminase; SSADH, succinate-semialdehyde dehydrogenase; VGAT (for *SLC32a1*), vesicular GABA transporter.

Correlation Analysis Among Genes, Metabolites, and Depression-Like Behaviors {#S0003-S2005}
----------------------------------------------------------------------------

To assess the relationships between differential metabolites in the striatum and depression-like behaviors (SPT and FST results), Spearman's rank correlation analysis was performed. We observed that the level of guanine was significantly positively correlated with sucrose preference, and the levels of ethanolamine, cystathionine, and 2-pyrrolidinone were significantly correlated with immobility time ([Figure 6A](#F0006){ref-type="fig"}).Figure 6Spearman correlation analysis among genes, differential metabolites, and depression-like behaviors. (**A**) Correlation analysis between differential metabolites in the striatum and depression-like behaviors (*n* = 8 per group), \**P* \< 0.05, \*\**P* \< 0.01. (**B**) Correlation analysis between depression-like behaviors and significantly differential genes in the striatum, hippocampus, and cerebellum (*n* = 5 per group), \**P* \< 0.05, \*\**P* \< 0.01. (**C**) Correlation analysis of differential genes between the striatum, hippocampus, and cerebellum (*n* = 5 per group). Dotted frames represent genes with significantly altered expressions in the striatum, hippocampus, and cerebellum, respectively. The color intensity represents the degree of correlation. Red represents a positive correlation and blue represents a negative correlation. The size of the pie represents the absolute value of the correlation coefficient. The blanks indicate that a correlation was not significant.

Next, we also explored the correlation between depression-like behaviors (SPT and FST results) and significantly altered gene expressions in the striatum, hippocampus, and cerebellum. Correlation analyses showed differential genes in the striatum (*GLS2* and *GLT1*), hippocampus (*GS, GAD1, VGAT*, and *SNAT1*), and cerebellum (*ABAT*) were also significantly positively correlated with sucrose preference. The level of *SSADH* in the striatum was significantly negatively correlated with immobility time ([Figure 6B](#F0006){ref-type="fig"}).

Moreover, we further investigated whether the above differential genes involved in the Gln--Glu--GABA cycle are correlated with each other among the striatum, hippocampus, and cerebellum ([Figure 6C](#F0006){ref-type="fig"}). *GS* in striatum was correlated with *GAD1, ABAT,* and *SSADH* in hippocampus. *GS* in striatum was correlated with *GS, GDH*, and *ABAT* in cerebellum. *GDH* in cerebellum was correlated with *GS, VGAT, ABAT, SNAT1*, and *SSADH* in hippocampus. In addition, *ABAT* in cerebellum was also correlated with *VGAT, ABAT,* and *SSADH* in hippocampus.

Discussion {#S0004}
==========

In this study, we performed a non-targeted GC/MS-based metabolomic analysis of the striatum, and the differential metabolites were mainly involved in amino acid, carbohydrate, and nucleotide metabolism. Furthermore, comparing the data from the striatum with our previous metabolomics results from the hippocampus and cerebellum of a CUMS model, we focused on the shared glutamine--glutamate metabolic system pathways. The mRNA expression of Gln--Glu--GABA cycle-related transporters or enzymes were significantly altered in the striatum, hippocampus, and cerebellum.

Increasing data support the hypothesis that disturbances in carbohydrate metabolism are involved in the pathogenesis of depression.[@CIT0031],[@CIT0032] In the present study, mannose 6-phosphate and beta-D-fructose-6-phosphate involving in the mannose metabolism pathway had significantly altered in the striatum. Furthermore, fructose-6-phosphate and ribose-5-phosphate, the pentose phosphate pathway intermediates were also significantly reduced in the striatum. The pentose phosphate pathway is critical for the formation of purine, pyrimidine, and NADPH. In the central nervous system, NADPH is mostly involved in the regeneration of reduced glutathione and neurosteroids, as well as in the metabolism of neurotransmitters. We also found that thymine, guanine, and carbamic acid levels were significantly decreased in the striatum. Purine and pyrimidine metabolism have been associated with neuropsychiatric disorders[@CIT0033] and antidepressant treatment response.[@CIT0034] Hence, carbohydrate metabolism and nucleotide metabolism might play a critical role in the development of depression, although their mechanism remains to be further confirmed.

Amino acid metabolism disturbance also has the potential to contribute to the pathogenesis of depression.[@CIT0026],[@CIT0035] In the present study, glycine, beta-alanine, leucine, 2-pyrrolidinone, and ethanolamine levels were upregulated in the striatum. Ethanolamine is a precursor of phosphatidylethanolamine (PE), and PE specifically inhibits mitochondrial oxidative metabolism.[@CIT0036] Thus, an impairment in neurodevelopment and synaptic plasticity caused by mitochondrial dysfunction may also be a possible pathogenic mechanism of depression.[@CIT0037],[@CIT0038] Glycine and beta-alanine are small molecule inhibitory neurotransmitters,[@CIT0039] and excessive accumulation may mediate neurotoxicity and apoptosis.[@CIT0040] Leucine, a branched amino acid, has been reported in depressed patients and in animal models of depression.[@CIT0041],[@CIT0042] Elevated levels of leucine may suggest that the release of brain serotonin is disturbed[@CIT0043] and glutamate homeostasis is impaired.[@CIT0044] Therefore, alterations in these amino acids in the striatum may have contributed to the generation of depression-like behaviors in CUMS rats in the present study.

Four genes in the striatum (*GS, GLS2, GLT1*, and *SSADH*), six genes in the hippocampus (*SNAT1, GAD1, GS, SSADH, VGAT*, and *ABAT*) and four genes in the cerebellum (*GS, ABAT, SNAT1*, and *GDH*) were significantly downregulated, and one gene in the cerebellum (*VGAT*) was upregulated in CUMS rats. *GLT1* is the predominant glutamate transporter in astrocytes,[@CIT0045] and down-regulation of *GLT1* might lead to a decrease in glutamate uptake. *GLT1* reduction could affect glutamatergic signaling and is potentially neurotoxic.[@CIT0046] Blockade of *GLT1* can induce depression-like behaviors, while overexpression of *GLT1* can produce antidepressant effects.[@CIT0047],[@CIT0048] Decreases in *GLT-1* and *GS* mRNA expression in our study represented decreases of glutamate clearance and glutamine synthesis in astrocytes after CUMS, which further supports our finding that L-glutamine was significantly downregulated. In the brain, L-glutamine is the most abundant amino acid in both glutamatergic and GABAergic neurons.[@CIT0049] L-glutamine reduction has been consistently reported in patients with depression,[@CIT0050],[@CIT0051] and L-glutamine supplementation showed antidepressant properties on patients with depression.[@CIT0052] *SNAT1* serves as a system A transporter localized in neurons, which prefers L-glutamine released by astrocytes.[@CIT0053] A recent publication reported that *SNAT1* knock-out mice showed reduced formation of GABA, reduced vesicular content of GABA and reduced synaptic plasticity.[@CIT0054] Thus, the decreased *SNAT1* in our study may thus result in less L-glutamine influx into neurons and excessive weaken GABA synthesis. Currently, the role of L-glutamine transporters in relationship to depression-like behaviors and chronic stress is known little. Future studies will focus on Gln-Glu transfer on mediating depression-like behaviors in our team. Consistent with our findings, down-regulations of *VGAT* and *GAD1* mRNA expression in the hippocampus after CUMS have been reported in previous studies.[@CIT0055] Moreover, the reduction of *GAD1* was also found in patients with depression.[@CIT0056],[@CIT0057] We hypothesize that the reduction in *GAD1* and *VGAT* may lead to a decrease in GABA synthesis and release, thus affecting GABAergic neurotransmission.

In addition, *ABAT* deficiency can cause the accumulation of GABA, 2-pyrrolidinone, and beta-alanine,[@CIT0058] while *SSADH* reduction is also associated with elevated brain GABA levels.[@CIT0059] 2-pyrrolidinone is an indicator of shunted GABA metabolism, and accumulation of GABA can result in elevated levels of 2-pyrrolidinone.[@CIT0060],[@CIT0061] In the present study, a *SSADH* reduction in the striatum supported the elevation of 2-pyrrolidinone and beta-alanine, suggesting GABA accumulation. Moreover, correlation analyses also showed that 2-pyrrolidinone were significantly correlated with depression-like behaviors, which deserves more research attention. A recent study showed that depressed youth had higher striatal GABA levels,[@CIT0062] suggesting that higher striatal GABA may be another psychopathological feature of depression. However, no significant change in GABA was observed in this study, which may be due to the duration and sensitivity response to stress, as well as a relatively short half-life. Thus, future studies characterizing the Gln--Glu--GABA cycle-related metabolic disturbances in a target manner, are also needed.

These data showed that CUMS stress might induce depression-like behaviors by disturbing transporters or enzymes located in GABAergic neurons or astrocytes, which support the hypothesis that major changes in the GABAergic system induced by stress could cause abnormal behavioral and synaptic responses.[@CIT0063] Interestingly, except for *GLT-1*, most of the changes involve GABAergic neurotransmission and metabolism. Here, in astrocytes, *GS* catalyzes synthesis of glutamine, which is transported into GABAergic neurons by transporters *SNAT1*. In GABAergic neurons, *GLS2* and *GAD1* catalyze synthesis of GABA which is translocated into synaptic vesicles by *VGAT*. Besides, *4-ABAT, SSADH,* and *GDH* are all involved in GABA metabolism in astrocytes. We speculated that CUMS stress might have a potential compensation in astrocyte processes (*ABAT, SSADH*) while affecting the GABAergic signaling pathway (*GS, SNAT1, GAD1, VGAT, ABAT, SSADH*). Correlation analyses showed that differential genes in the striatum (*GLS2, GLT1*, and *SSADH*), hippocampus (*GS, GAD1, VGAT*, and *SNAT1*), and cerebellum (*ABAT*) were also significantly correlated with depression-like behaviors. We also found a significant correlation of differential genes between the striatum, hippocampus, and cerebellum, suggesting that the Gln--Glu--GABA cycle might generate a strong cooperation among these three brain regions in response to chronic stress. The cooperation of the Gln--Glu--GABA-cycle among these three brain regions should be further explored to clarify the coordinated regulation mechanism and the roles in the development of depression.

Depression is a complex mental illness and involves many complex pathology mechanisms. Previous adverse stress is well-established vulnerability factor for depression. The body's neuroendocrine response to stress is mediated by the hypothalamic-pituitary-adrenal (HPA) axis, and the activity of the HPA axis is strictly controlled by GABAergic signaling.[@CIT0064] Thus, GABAergic signaling is essential for the control of stress and impaired by chronic stress. In fact, deficits in neurosteroids and GABA have been observed in depression patients,[@CIT0064] further supporting a role for GABAergic signals in depression. What is worth mentioning, in spite of remarkable progress, we are still left with some significant gaps in understanding. The dysfunction of GABAergic signaling is not unique to depression, but is similarly associated with many other neuropsychiatric diseases, especially schizophrenia.[@CIT0065],[@CIT0066] Besides, the "serotonergic system hypothesis" of depression has been proposed, implicating tryptophan dysfunction in the underlying neuropathology of depression. An interesting previous study showed that selective serotonin reuptake inhibitor (SSRI) treatment of depressed individuals is implicated in increased GABA levels,[@CIT0067] implying a common mechanism of antidepressant action. Serotonin is synthesized from tryptophan in the brainstem and pons. However, no significant change in tryptophan or serotonin was observed in this study, which may be due to the duration and sensitivity response to stress. Thus, future studies with other targeted methods are required to validate and extend our current findings.

In our study, several limitations should be noted. First, a relatively small sample size might restrict the interpretation of our results. Second, our results reflect metabolic alterations in the entire striatum, and possibly overlook unique metabolic patterns and pathogenic mechanisms in subregions of the striatum. Third, to obtain more information about metabolism, we did not correct multiple analyses using Benjamini--Hochberg (BH) procedure in this study. This means that the interpretation of some results may be limited. Fourthly, we only used RT-qPCR to evaluate the expression levels of the relevant enzymes or transporters involved in the Gln--Glu--GABA cycle. Therefore, in future research, we will use other targeted methods (e.g. Western blotting) and large samples to confirm our findings.

Conclusions {#S0005}
===========

Metabolic disorders of the striatum caused by chronic stress were mainly involved in amino acid, carbohydrate, and nucleotide metabolism. CUMS stress disturbed the Gln--Glu--GABA cycle in the striatum, hippocampus, and cerebellum, and the Gln--Glu--GABA cycles in these three brain regions might generate cooperative action in response to chronic stress. Future studies focusing on the role of Gln--Glu--GABA cycle-related transporters or enzymes in the pathogenesis of depression will be of great interest.
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